The mechanism of nuclear DNA replication in radicles of germinating cotton (Gossypium barbadense) was investigated. Pulse-labeling with [3HIhthymidine indicates that replication intermediates are of smal molecular weight (4-1OS) and behave as if single-stranded. Prolonged labeling indicates that intermediates are of discrete size, suggesting a mechanism of discontinuous replication. Electron microscopy of nuclear DNA demonstrates a complex architecture which may include "eye forms" and "forks" similar to those reported in prokaryotes and animal systems. The possible universality of DNA replication mechanisms is discussed. The mechanism by which nuclear DNA molecules replicate has received considerable attention. Ioannu (1) proposed a model for replication of double-stranded DNA in which initiation of replication is manifested in the sequential appearance of "microbubbles" followed by formation of "macrobubbles." With electron microscopy, purported replication "bubbles" have been visualized in prokaryotic (2) and eukaryotic cells (3-5). Replication "forks," which may be associated with bubble formation and growth, have been noted in eukaryotes (6-8).
replication intermediates are of smal molecular weight (4-1OS) and behave as if single-stranded. Prolonged labeling indicates that intermediates are of discrete size, suggesting a mechanism of discontinuous replication. Electron microscopy of nuclear DNA demonstrates a complex architecture which may include "eye forms" and "forks" similar to those reported in prokaryotes and animal systems. The possible universality of DNA replication mechanisms is discussed. The mechanism by which nuclear DNA molecules replicate has received considerable attention. Ioannu (1) proposed a model for replication of double-stranded DNA in which initiation of replication is manifested in the sequential appearance of "microbubbles" followed by formation of "macrobubbles." With electron microscopy, purported replication "bubbles" have been visualized in prokaryotic (2) and eukaryotic cells (3) (4) (5) . Replication "forks," which may be associated with bubble formation and growth, have been noted in eukaryotes (6) (7) (8) .
Biochemical investigations of replication initiation indicate that radioactivity from pulse labeling appears first in smallmolecular-weight fragments (9) (10) (11) (12) which are probably single-stranded (13, 14) . With prolonged labeling in eukaryotic cells, radioactivity also appears in larger size molecules of discrete size, indicating that replication occurs discontinuously (10) (11) (12) 15) through defined intermediates. These data suggest that replication in eukaryotes is initiated through multiple replication sites (9, 16, 17) .
In a previous publication, we demonstrated that replicating nuclear DNA in germinating cotton is associated with the nuclear membrane (18) . In this communication we provide evidence that the nuclear-membrane-associated DNA replicates through short single-strand "Okazaki-type" (19) intermediates of discrete size. Electron microscopy of DNA isolated from radicle tip nuclei during germination, when DNA synthesis is maximum (20) , indicates a complex architecture which contains structures that may be similar to the "loops" and "forks" reported in animal DNA.
MATERIALS AND METHODS
Seeds of Pima cotton (Gossypium barbadense L.) were germinated and handled as previously described (20) . Radioactivity was incorporated into nuclear DNA for pulse-labeling while radicle tips were exposed to 10,4Ci of [3H]thymidine (13 Ci/mmol) in 100 ,pl of H20 per radicle as previously outlined (20, 21 (22) .
to the technique of Humphreys (22) . Nuclear DNA from germinating radicles was isolated for hydroxyapatite and sucrose gradient analysis as previously described (18 Martinson and Wagenaar (24) . After equilibration, the single-and double-stranded DNAs were eluted from the column with (K)PO4 buffers at 600 as described by Miyazawa and Thomas (25) . Analysis of radioactivity incorporation has been previously discussed (20, 21) .
Alkaline Sucrose Gradient Fractionation. Approximately 5000 cpm of DNA labeled with [3H]thymidine, dissolved in 0.5 M NaOH and 0.15 M NaCl, 0.015 M sodium citrate, pH 7.2 (SSC), was layered over a 10-30% alkaline gradient of sucrose in 0.9 M NaCl, 0.1 M NaOH, 0.005 M EDTA. Centrifugation was with a Spinco SW 50 rotor at 40,000 rpm for 5 hr at 5°. After centrifugation, gradients were fractionated into 0.2 ml fractions and radioactivity was analyzed as described (20 Radicles at 36 hr of germination were pulse-labeled with 10 uCi of [3H]thymidine and DNA was extracted as outlined. Hydroxyapatite preparation and elution with potassium phosphate buffers has been described (24, 25) . Single-strand DNA was eluted at a P04 concentration of 0.10-0.15 M. Controls for single-and double-stranded DNAs were bacteriophage T5 DNAs (25) .
formamide. The DNA preparation was spread for electron microscopy according to the procedure of Davis et al. (26) . The DNA was trapp)ed on carbon-coated grids, stained with uranyl acetate, and rotary shadowed with platinum-palladium to increase contrast.
RESULTS AND DISCUSSION In previous communications, we established that during germination of Pima cotton at 340, at approximately 36 hr, the incorporation of radioactive precursors into nuclear DNA reaches a maximum value (20, 21 replication of nuclear DNA which appeared to be associated with the nuclear membrane (18) . To determine the mechanism of DNA replication, nuclear DNA was isolated at 36 hr of germination and analyzed with biochemical and electron microscopic technique.
To analyze the kinetics of incorporation of [3H]thymidine into radicle tip nuclear DNA, 80 seedlings at 36 hr of germi- (12) (13) (14) . To determine the nature of pulse-labeled intermediates in cotton nuclear DNA, seedlings were pulse-labeled at 36 hr of germination and the labeled DNA was fractionated by hydroxyapatite chromatography (24, 25) . After 15 min of pulse-label, the label was eluted predominantly as a fraction with single-strand properties ( Fig. 2A) . At subsequent 15 min intervals, the radioactivity was progressively eluted as a double-strand molecule, suggesting that one of the intermediates in DNA synthesis behaves as a single-strand entity (Fig.  2B-D) .
The kinetics of conversion of radioactivity from single-to double-strand DNA can be evaluated from hydroxyapatite data. For a best line fit of the data, linear regression (y = 1.75x -4.2) indicated 1.7% of labeled single strand is converted to double strand per min of pulse-label (Fig. 3) . Whether newly synthesized intermediates in plant DNA synthesis are single-stranded or unstable so that they are eluted as single strands has not been unequivocally determined; however, the results are consistent with those reported in mammalian systems.
Intermediates in replication of eukaryotic DNA appear to involve small-molecular-weight molecules of discrete sizes (10) (11) (12) 17) . To determine the size of labeled intermediates in plant DNA replication, radicle tips were pulse-labeled with [3H]thymidine and the isolated DNA was fractionated in al- kaline sucrose gradients as outlined. Aftert u15min pulse bulk of the radioactivity appears in small-molecular-weight molecules of approximately 4-10 S (Fig. 4A) . Recent evidence also indicates that radioactivity appears first in small-molecular-weight molecules (10S) of DNA after pulse-labeling in Vicia faba embryos (27) . With the progression of labeling time, the radioactivity appeared predominantly in a fraction of approximately 25 S and after 90 min, 99% of the label appeared in the larger-molecular-weight 25S peak (Fig. 4B and C) .
The results of these biochemical investigations are consistent with the "Okazald hypothesis" (19) , in which replication occurs through discontinuous synthesis of small-molecular-weight intermediates followed by ligation to large-molecular-weight products. Since we have been unable to detect a broad spectrum of intermediate sizes indicative of continuous replication, our conclusion is that the mechanism of cotton nuclear DNA replication is consistent with the discontinuous models proposed for animal systems in which radioactivity after pulse-labeling appears first in small-molecular-weight molecules followed by labeling of intermediates of discrete sizes (10, 11, (14) (15) (16) .
To visualize nuclear DNA isolated during the period of maximum replication, nuclear DNA was isolated from radicle tips at 36 hr of germination and centrifuged to equilibrium in a CsCl gradient (23) . The DNA from fractions 15-17 ( Fig. 5 ) was prepared for electron microscopy by the basic protein film technique as described in Materials and Methods. The denaturant formamide was used in the spreading solution to inhibit indiscriminate coiling interactions between DNA molecules, which might produce artifactual loop formations. Electron micrographs (Fig. 6A-D) demonstrate that cotton nuclear DNA isolated from radicle tips possesses a complex architecture containing multiple loops. The loops (E) may reflect the plant nuclear counterparts of "eye forms" reported in animal (3) (4) (5) and yeast (8) DNAs. In addition to the loops, fork-like structures (F) were noted in many of the molecules. Whether forks represent entities independent of loop forms or result from loops disrupted during extraction has yet to be unequivocally demonstrated.
Loop and fork structures have been implicated in replicating animal (3-5, 7) and bacterial DNAs. Because of the geometrical complexity of cotton nuclear DNA, interpreting the loop structures in terms of simple replicative units is difficult. Evidence that supports the loops' being associated with the replication process is the prevalence of loops in nuclear DNA isolated during the periods of active DNA synthesis. For example, DNA isolated from radicle nuclei at 48 hr of germination, which is a period of reduced replication relative to 36 hr (20, 21) , contained fewer loop forms than noted at 36 hr. If the loops are associated with replication, then the evidence indicates that numerous replication sites occur in cotton DNA, which is in agreement with models proposed for other eukaryotic systems (4, 7, 17, 28) .
In summary, pulse-labeling indicates that replication in cotton nuclear DNA occurs through small-molecular-weight intermediates which behave on hydroxyapatite fractionation as if single-stranded. A model of discontinuous replication is proposed, since labeled intermediates are of discrete sizes. If replication in cotton nuclear DNA is representative of other plahtsf the similarities noted with animal systems suggest that a basic mechanism of DNA replication may occur in eukaryotic cells. This is further supported by recent evidence that plant and animal chromatins are structurally similar (29) .
